Figure 1: UMTS network sites
The network architecture defines entities that are likely to be collections of physical equipment located in one place. Figure 1 shows the sites of these entities and the physical links between them. The network architecture also defines the functions that each of these entities must perform and their interfaces with each other so the entities in each network can work together to perform operations such as handover between networks. The Race Monet UMTS System Structure Document (1) and Baseline Document (2) describe the architecture in detail and another Monet report (3) describes its application to satellite networks.
The bottom line on figure 1 depicts the usual terrestrial arrangement of sites in mobile networks. In cellular networks such as GSM the CSS handles co-ordination, concentration and interworking with the core network and may be connected to tens of BSs. A micro or macro cellular CSS would have a SCP and DP associated with it to handle terminal mobility intelligently in a manner optimised for that cellular network. Each BS would take care of transmission layer functions using antennas at one or more cell sites.
For pico cells the CSS may or may not be required. For example in a business environment, such as an office building or hotel, CSS functions would be handled by the cordless PBX. In the home, there is likely to be only one line available and no need for switching. In this case the BS would interface directly with the LE through a fixed telephone line.
The LE is the interface of any access network to the core transit network. Even though the CSS performs some switching functions it is still on the "user" side of the UNI (user-network interface). The LE is the part of the core network that handles call control such as providing dial tone and it is still required in UMTS. It would often be located in the same building as a large CSS. The function of the core network "cloud" is to guarantee robust interconnection and routing of calls between LEs.
In satellite networks FESs are needed to interface between satellites (which in turn are connected to the MTs) and networks on the ground. In UMTS an FES will cater for access to MTs within a well-defined geographic coverage area.
The coverage of an FES is a very large area, often spanning many countries. The FES is still the fixed, known entry point to an access network and is on the "user" side of the UNI. As such, the call control functions of a "local" exchange are still required but usually the LE would be dedicated to the satellite access network. Typically it would be co-located with the FES and connect into the core network at an international switching centre or transit exchange, as appropriate.
All satellites that do not use inter-satellite links can be considered as analogous to cell antenna sites, directly connected to BS and CSS functions on the ground at the FES. Just as a cellular BS and CSS can control multiple cell sites, economies can be made by enabling an FES to control multiple satellites. The use of multiple satellites by an FES is essential in non-GEO networks to allow continuous coverage of a geographic area whilst the satellites move over it.
In contrast to the terrestrial cellular networks analogy, in many non-GEO networks it is necessary for one satellite to be controlled by multiple FESs. This allows an FES to guarantee coverage of a geographic area in the same way as a BS and CSS can, allowing network functions to page MTs in a similar way.
MANAGING NON-GEO SATELLITE MOTION
The UMTS network architecture shows a deceptively simple link from the FES through the satellite to the MT. For a satellite in GEO the link is indeed this simple but in any other orbit the satellite will be moving relative to the FES and MT and it can move completely out of range. The speed of orbital motion is higher for lower altitude orbits, with a 780km altitude LEO satellite like Iridium moving at an amazing 27,000km/h. As it approaches the horizon the satellite and its antenna spot beam pattern are moving at 6.6km/s relative to the FES or MT. At these speeds an individual satellite only remains above the horizon of an FES or MT for 5 to 10 minutes. The time it can communicate with both MT and FES is even shorter.
The transitory nature of the satellites is indeed going to be one of the most complex aspects of non-GEO satellite networks. The UMTS network architecture restricts the uncertainty of this link to the SAT entity which represents a permanent connection between the FES and MT for as long as the MT is within the coverage area of the FES. The SAT entity in figure 1 therefore represents the functions of numerous satellites, possibly including inter-satellite links and on-board switching and control. The FES is promoted as a fixed network node that handles communications with its MTs. The LE and core network are never concerned with the transport mechanism through the satellites -as far as they are concerned, the FES has a fixed coverage area containing the MT in exactly the same way as a CSS has in a terrestrial cellular network. Any satellite motion is hidden in the FES to MT link. This is a sensible approach considering that the MT and FES will always be a matched pair, with the MT's equipment for handling a satellite-mode air interface being designed to a standard set by the designers of the satellites and FESs. The satellite network designers have a free hand to implement the FES's coverage in whatever way they wish. The absence of any satellite-specific functions in the core network simplifies the task of the FES operator connecting into core network operator's equipment.
FES COVERAGE
An FES will be built by an FES operator to provide coverage over all or part of the geographic area for which that FES operator has received regulatory licence. The motion of satellites in orbit is regular and predictable so it is possible to calculate which spot beams on which satellites can be used to cover this required area at each point in time. Thus an FES can plan which satellites and beams to use to guarantee contiguous radio contact with all points in its planned coverage area at all times. This area is called the FES's GCA (guaranteed coverage area).
Spot beams cover quite large areas and while using a spot beam at the very edge of a GCA some area outside the GCA will be covered as well. This will only be a temporary coverage because the FES will stop transmitting using the spot beam when it is no longer useful to cover part of the GCA. Figure 2 shows the instantaneous coverage of an FES using three satellites to cover the square GCA in the centre of the diagram. 
EXAMPLES OF FES COVERAGE
Typical GCA areas must be large enough that the globe can be covered using a reasonable number of FESs. To prove that typical FESs' GCAs can be big enough to allow global coverage using an economic number of patchwork GCAs, the size of the largest possible GCAs will be shown for four of the planned constellationsIridium, Globalstar, Odyssey and Inmarsat-P (ICO).
The GCAs shown here are the maximum size possible for an FES at a given, arbitrary location to guarantee certain minimum elevation angles and satellite diversity conditions. A more practical way for FES operators to define GCAs will be to choose the size, shape and location of the GCA to match the area over which they have regulatory licence to operate. Simulations would then be run to find the optimum elevation angles, satellite and spot beam usage and the optimum location for the FES to create a real GCA that matches the design brief as closely as possible. The minimum, average and profile of satellite elevations will be useful information to optimize other parameters in the FES's radio link budget. FES locations at 45°N 0°E (near Bordeaux in France), at 15°N 0°E (at the border of Mali, Burkina Faso and Niger), and at 0°N 0°E (a very deep patch of water in the Gulf of Guinea) have been chosen purely for comparison purposes.
Inmarsat-P (ICO)
Inmarsat-P can only guarantee single satellite coverage at most latitudes, so the link budget would be calculated to meet a minimum quality of service even when satellite diversity is not in use. In fact, satellite diversity could be in use for a large proportion of the time but its presence would only be considered for calculating quality of service measures if it could be relied on 100% of the time. At temperate latitudes, the constellation provides satellites at very high elevation anglesbetween 25° and 50° latitude, elevation is always above 30°. As a result, the GCA for a FES at 45°N operating a minimum of single satellite coverage at above 20°e levation can be made very large (figure 3, left hand plot). Near the equator, elevations can be lower, with a minimum of 18° at 6°N. The requirements for a GCA must be reduced to what is possible with the constellation, in this case guaranteeing a single satellite link with elevation above 17°. The largest possible GCA meeting this specification for an FES at 0°N 0°E is shown in the right hand plot of figure 3. 
Odyssey
Odyssey can guarantee a single satellite with an elevation above 20° at all latitudes and diverse satellites with both elevations above 10° at most latitudes. Figure 4 shows GCAs for both guaranteed diversity (inner area) and single satellite conditions (outer contour) from the same two FES sites as shown for Inmarsat-P above. The shapes of the areas are very different but comparable in size to the enormous coverage areas of Inmarsat-P. 
Globalstar
Globalstar provides generous multiple satellite coverage at temperate latitudes, where its constellation always provides elevation above 10° for diversity and above 20° for single satellite coverage. Figure 5 's left hand plot shows maximum GCAs for the FES site at 45°N 0°E, within the inner contour guaranteeing diversity and within the outer contour guaranteeing single satellite coverage. The GCAs are not as large as for the two MEO constellations but with diameters of 2,000km for guaranteed diverse coverage or over 3,500km for single satellite coverage they are large enough for FES operators to satisfy regional needs at these latitudes with one or two FESs working independently of each other. At lower latitudes, the satellites of Globalstar constellation are more sparse. Diversity with two satellites above 10° elevation cannot be guaranteed. A realistic engineering approach might be to define a GCA to guarantee only a single satellite link with elevation ≥ 10° and raise the link power budget margin to compensate for increased shadowing of MTs in cluttered environments. A GCA for a FES at 15°N 0°E is shown in the right hand plot of figure 5 that meets these conditions. Again, it is large enough to satisfy limited regional markets of FES operators but coverage of oceans requires larger GCAs.
Joint GCAs
If two FESs co-operate to jointly guarantee coverage of an area between them then the resultant GCA is very much bigger than the sum of two independent FES's GCAs.
Consider a MT at the edge of a GCA, communicating with an independent FES. If its communications satellite is heading out of range of the MT, in the direction of the FES, then a satellite that could pick up the call rising on the opposite horizon is likely to be too far from the FES to make radio contact with the FES. The FES will then have no way to maintain radio contact with the MT when the current satellite falls below the MT's horizon. The MT is outside guaranteed coverage, in an area that can only be covered for a certain percentage of the time. Figure 6 shows how the availability of this FES falls off outside the solid black GCA. The different levels of grey indicate, moving out from the GCA, coverage for 80%, 60%, 40% and 20% of the time. The white area is never covered by the FES. At some point the new FES looses radio contact with the satellite but if the two FESs are close enough together then the original FES will be in radio range to pick up the call. Evidently the MT is not inside guaranteed coverage of the second FES either but is instead covered by it for only a proportion of the time. To maintain contact with the FPLMTS network the MT would continue to "ping-pong" between the two FESs, which is quite reasonable during an active call but for a MT in idle mode to play ping-pong by moving its registration from one FES to the other would be an unacceptable waste of signalling resources. The joint GCA is found to include the individual FES GCAs and a large area in between them that could not otherwise be covered 100% of the time. This enlargement of the GCA by joining two (or more) FESs on opposite sides of an ocean is large enough to be able to guarantee coverage of the ocean.
In effect, two FESs have become a single virtual FES, acting in much the same way as a terrestrial BS might use multiple cell antenna sites to cover what is, as far as the network is concerned, the same BS's coverage area.
The difference is that in terrestrial networks the cell sites are reasonably close to each other and connect hierarchically to the same BS in the radio access network. In satellite networks co-operating FESs will almost certainly be located in different countries, often on different sides of oceans. The UMTS network architecture does not offer another entity in between FESs and LEs to act as co-ordinator between the FESs because of this geographical and international separation -what would it connect to? An LE in only one of the countries?
Neither does the UMTS network architecture offer explicit functions for the co-ordination between FESs as this is considered to be just another ingenious way of managing radio and network resources and should be part of the satellite access network's design, not part of the UMTS standard. It does define functions, interfaces and relationships to support handover, location update and paging for MTs that are flexible enough to deal with joint GCAs. Some of these functions are described in Finean et al (4) .
Iridium and ISLs
Iridium is designed to provide elevation angles of 8° or more to MTs. This worst case is used to define the GCA for an FES at 0°N 100°E using only one satellite. The GCA is only 260km diameter which is too small to be of use to a satellite network.
Because of the low orbits of the satellites, the Iridium constellation connects the satellites together with a mesh of ISLs (inter-satellite links). This allows an FES to communicate with MTs by linking into any Iridium satellite and then through ISLs and other satellites to the satellite local to the MT, which handles the final link to the MT. In this way a single FES could guarantee coverage of the entire globe. To reduce terrestrial routing and bandwidths of the FES back haul links and ISLs, a number of FESs spread around the globe would be used. Each FES would be responsible for a geographic area chosen to match licensing approvals in the same way as GCA shapes would be chosen in any other satellite UMTS.
CONCLUSION
GCAs are used to promote the FES as a network entity responsible for all MTs registered with it within its geographically fixed coverage area. Coverage areas will be deliberately drawn up to satisfy regulatory and political concerns as far as is technically possible. It has been shown that using GCAs to tile the Earth's surface with FES coverage does not result in any considerable increase in the number of FESs required to complete a system. The certainties of the FES and core network operators involved in providing service could be of considerable benefit in obtaining licensing agreements to provide service in countries.
